Introduction
Use of high strength cold-rolled steel sheets is increasing rapidly as a means of realizing weight reduction in automobile bodies. A large number of high strength cold-rolled steel sheets with high contents of strengthening elements such as Si, Mn, and others have been proposed in recent years 1) with the aim of improving mechanical properties and achieving high strength. In addition, the development of high strength hot-dip Zn galvanized and galvannealed steel sheets has also become an urgent issue from the viewpoint of corrosion prevention. 2) In the manufacturing process for cold-rolled steel sheets, recrystallization annealing is normally performed in a continuous annealing furnace, which is controlled to a reducing atmosphere for Fe, in order to obtain recrystallized microstructure and to reduce the oxidation film on the strip surface. However, in the annealing process of the continuous hot-dip Zn galvanizing line (CGL), Si and Mn, selectively oxidize at the strip surface because the atmosphere, although reducing for Fe, is thermodynamically oxidizing for Si and Mn.
3) This is known to cause the so-called bare spot defect, in which the base steel is not coated with molten zinc, and thus is left exposed, because these selective surface oxides deteriorates wettability between the molten zinc and the base material. [4] [5] [6] [7] Accordingly, an understanding of the selective surface oxidation behavior of Si and Mn-added steel is extremely important for practical application of high strength steel sheets.
In order to prevent the bare spot defect in high strength hot-dip Zn galvanized and galvannealed steel sheets, it has been pointed out that selective surface oxidation to form SiO 2 at the steel sheet surface must be prevented, as this compound has extremely poor molten Zn wettability. 8) As a method of preventing selective surface oxidation of SiO 2 , a technique to maintain high oxygen potential in the annealing furnace of the CGL has been proposed. [9] [10] [11] [12] [13] [14] [15] [16] This is because the amount of selective surface oxides at the steel sheet surface is reduced by utilizing a transition of external to internal oxidation mode of oxidized elements. The amounts of added Si and Mn in steels are controlled, depending on the required strength level and mechanical properties. Therefore, a knowledge of the oxygen potential necessary to suppress the formation of SiO 2 and utilize the transition of oxidation mode with any given chemical composition is necessary and indispensable for establishing an industrial manufacturing technology for high strength hotdip Zn galvanized steel sheets.
The selective oxidation behavior during recrystallization annealing of Si and Mn-added steels, on the other hands, is an extremely complex phenomenon in which the stable oxide phases and the transition behavior of oxidation mode vary greatly with added Si and Mn contents in the steel, the oxygen potential, and other factors. For example, it is known that oxides complex of MnO, MnSiO 3 , SiO 2 , Mn 2 SiO 4 selectively form at the steel surface region. [7] [8] [9] [10] [16] [17] [18] [19] [20] [21] However, to date, only phenomenological classification based on experimented results for individual steel compositions has been reported, and a comprehensive and basic understanding of the effects of chemical compo- 
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(Received on December 4, 2008; accepted on January 23, 2009 ) In order to establish the necessary conditions for producing high strength hot-dip Zn galvanized steel sheets for automotive use on a Continuous Galvanizing Line (CGL), a thermodynamic calculation of the selective oxidation behavior of Si, Mn-added high strength steel sheets was introduced, assuming a model in which an equilibrium is reached locally at the outermost surface layer of the steel sheet. The applicability of that model is confirmed by comparison with experimental results. Both the calculated chemical potential diagram for an Fe-Si-Mn-O system and an isothermal pseudo ternary phase diagram for an FeO-SiO 2 -MnO system, explain the reaction path of the selective oxidation behavior in 1 mass% Si and 0.01-3.01 mass% Mn-added steel. As this simulation model demonstrates good agreement with experimental results, this thermodynamic calculation is extremely appropriate for prediction of the surface oxidation behavior of Si, Mn-added high strength steel sheets. The transition from selective surface oxidation to internal oxidation can be explained by considering the oxygen flux in the oxidation film and the effect of the selective surface oxides on the inward diffusion behavior of oxygen. By thermodynamic calculation of the suppression condition of SiO 2 film formation, which deteriorates the molten Zn wettability of the surface of annealed sheets, a process control model for industrially stable production of high strength hot-dip Zn galvanized steel sheets with arbitrary chemical compositions is proposed. Based on this research, a comprehensive surface control technology for high strength steel sheets is established.
sition of steel sheets and oxygen potential is still lacking.
The analyses on the phase equilibria can be provided by the thermodynamic calculation which have been successfully applied for materials processings over the past 20 years. 22) None of such approach has been established for recrystallization annealing process of cold-rolled steel sheets, despite its strong advantage of the capability to estimate the stable phases that form in a very fast process, that are hard to examine experimentally. One of the reasons why such approach has never been done successfully may be due to the difficulty in the modeling of such fast and dynamic processes. Given this situation, surface control technology for high strength steel sheets still remains within the realm of empirical science.
In this report, a computational thermodynamic study is carried out from the following viewpoints with the aim of establishing a new approach to control of the selective oxidation behavior of Si and Mn-added high strength steel sheets.
(1) Using 1 mass% Si-added steels, experimental results of the complex surface oxidation phenomenon under a controlled atmosphere are summarized. 23) An equilibrium thermodynamic analysis technique is introduced, a assuming a model in which an equilibrium between surface region of steel and oxides is reached locally, and the applicability of the model was argued by comparison with experimental results.
(2) The conditions for transition from external to internal oxidation accompanying an increase in oxygen potential are studied, based on s simple and quasi-empirical steady state model for oxygen permeation across external oxide film.
(3) Based on these analyzed results, the secure necessary conditions to avoid bare spot defect are derived by the prediction of oxide phases formed with the variation of arbitrary steel compositions and oxygen potential conditions.
Finally a process control model of the optimum annealing conditions for producing high strength hot-dip Zn galvanized steel sheets on a CGL is proposed by thermodynamic analysis of the selective oxidation behavior of Si and Mn-added high strength steel sheets, and examined with experimental data reported earlier.
Experimental Method 2.1. Recrystallization Annealing Conditions and
Analysis Method for Selective External/Internal Oxides The samples used in investigating the effect of Si and Mn addition in steel were cold-rolled steel sheets (thickness: 1.0 mm) with a 1 mass% Si-added steel base composition and varied amounts of Mn addition in the range of 0.01-3.01 mass%. The chemical composition is shown in Table 1 . Recrystallization annealing was performed on these cold-rolled steel sheets at 850°C for a soaking time of 60 s in an infrared heating furnace. The annealing atmosphere was adjusted to 3vol%H 2 -97vol%N 2 , and the dew point was varied in the range from Ϫ50 to 0°C.
The amount of selective surface oxidation of the recrystallization annealed sheets was quantified by measuring the concentration profiles of Fe, Si, Mn, and O at the steel surface by glow discharged optical emission spectroscopy (GDOES, model GDLS5017, Shimadzu Corp.). In order to quantify the selective oxide film thickness, the width of the region where the Fe concentration is reduced compared to that of bulk at the outermost layer of the steel surface was quantified as sputtering rate of Fe. The conditions used in measurement of the selective surface oxidation layer were a current of 20 mA and Ar gas flow rate of 8.3 mL s
Ϫ1
. The sputtering rate under these conditions was approximately 0.01 mm s Ϫ1 as converted to that of Fe. The amount of internal oxidation formed during recrystallization annealing was chemically analyzed after removal of the selective surface oxides by pickling, as described in the previous report, and was quantified based on the oxygen increment due to annealing per unit of area and per side. 23) The surface of sheets annealed at a dew point of Ϫ40°C was measured by reflection infrared absorption spectrum. 23) Internal oxides were dissolved and chemically extracted by applying the conventional Br 2 -methanol method to sheets which had been annealed at a dew point of 0°C, and were identified respectively by transmission infrared absorption spectroscopy (KBr dilution pellet method).
Thermodynamic Calculation Method and Concept
In the selective oxidation process at the outermost layer of steel sheets during recrystallization annealing, the diffusion distances of Si and Mn under conditions of soaking at 850°C for 60 s are as estimated as x(Si) Fe ϭ0.53 mm, 24) and x(Mn) Fe ϭ0.36 mm, 25) where x(X) Fe represents diffusion distance of element X in Fe.
Accordingly, the possible diffusion distance of Si, Mn, in the selective surface oxidation and internal oxidation reactions is limited to a region extremely near the surface layer of the base material. Therefore, it is possible to assume that only diffusing oxygen ions through oxides film and metallic ions supplied from reaction layer, which correspond to the subsurface layer region of the steel substrate, contribute to the selective oxidation reaction, and that further metallic ions are not supplied from the bulk. Accordingly, it is reasonable to assume that the equilibrium is achieved locally in the vicinity of the extreme surface region of the substrate, because the selective oxidation reaction in the recrystallization annealing process substantially proceeds only in this closed system including the oxide film and subsurface layer region of the substrate, which is in the range of the possible diffusion distance of Si, Mn. A model based on this assumption is schematically illustrated in Fig. 1 . Based on this model, in order to study the effects of the © 2009 ISIJ Table 1 . Chemical composition of the steels (in mass%). chemical composition of the steel sheet and the oxygen potential on selective oxidation behavior under the recrystallization annealing conditions, the equilibrium thermochemical calculations were made. The calculations were carried out using the thermochemical software and database "FactSage (version 5.4.1)", 26) and chemical potential diagrams were estimated, and the comparison was made between the calculated and experimental results of selective oxidation.
Here, as the reaction path calculated under the above mentioned assumption illustrates the composition change of the oxides film and reaction layer of the subsurface region of the substrate, it is natural that the composition of the reaction layer differs from that of initial substrate before oxidation reaction occurs.
In the thermodynamic calculations, the four elements Fe, Si, Mn, and O were selected as the chemical constituents because these are the most important for oxidation behavior, and the chemical equilibrium composition at 850°C and 1 atm of the total pressure was obtained for different values of Si, Mn, and O. The thermodynamic data used were the ones compiled as Fe-Si-Mn-O systems provided in the FACT Substance database and Solution database. 26) Because the contents of Si and Mn in the range of this experiment are less than a maximum of 0.05 by atomic ratio, the activity of Fe can be regarded as approximately unity. Consequently, three independent constituents are necessary for describing a chemical potential diagram. Therefore, as the coordinate axes in the chemical potential diagram, oxygen activity a O 2 and a Si /a Mn , which is the ratio of the activities of Si and Mn, can be considered appropriate. The activity of oxygen gas a O 2 is defined as follows.
p
: Pressure in the reference state (ϭ1.01325ϫ 10 5 Pa). p O 2 : Partial pressure of oxygen gas (Pa). P O 2 : Partial pressure of oxygen gas under the condition of 1 atm of total pressure (atm). Under this assumption, oxygen activity a O 2 is synonymous with P O 2 . Instead of using related chemical potentials of component, log a i is used as an index of chemical potentials for component i, with reference to Raoultian standard state, because the system represents all the necessary oxide phases except for pure iron oxides. For oxygen, log P O 2 is defined as oxygen potential in the following. While in order to investigate the reaction path of selective oxidation behavior accompanying changes in the ratio of Si and Mn contents and the oxygen potential, FeO, SiO 2 , and MnO are selected as independent constituents instead as these are the most common oxides in an Fe-Si-Mn-O system under the P O 2 conditions of consideration, and a pseudo ternary isothermal section of the phase diagram for FeO-SiO 2 -MnO system was calculated. To confirm the applicability and consistency of these calculations, a chemical equation was solved under approximation of an ideal solid solution for solid solution phases (see Appendix), and the chemical potential diagram was illustrated using the free energy of standard compounds in the databases and compared with the calculated results by FactSage.
From the Gibbs phase rule, the degree of freedom, f, is expressed as fϭcϪpϩ2, where c and p are number of chemical constituents and number of phases, respectively, because the chemical constituents comprising the system are Fe, Si, Mn, and O, cϭ4. As the system is always in equilibrium with alloy (Fe-Si-Mn) under fixed temperature and total pressure, fϭ3Ϫp oxide , where p oxide represents the number of oxides phases. As the system is always in equilibrium with the alloy phase, f is reduced by one, and the number of phase field is expressed only by the oxide phases, as a quasi-ternary system for simplicity.
Oxidation at the surface of annealed sheets proceeds mainly as selective surface oxidation when the dew point is low, and as internal oxidation when the dew point is high. 25) In order to discuss the controlling factors of this phenomenon, first, this study focused on the oxygen flux in the selective surface oxidation film based on the oxygen potential in the annealing atmosphere. Next, the relationship with the amount of internal oxidation and the chemical species of the selective surface oxides was considered.
Results

Effects of Mn Addition in Steel and Dew Point on
Selective Surface and Internal Oxidation Behavior Figure 2 shows the effect of the oxygen potential during recrystallization annealing on the amount of selective surface oxidation of annealed sheets for 1 mass% Si-added steel with the Mn content varied from 0.01 to 3.01 mass%. As for the oxygen potential, here, values were calculated from H 2 gas partial pressure and water vapor pressure from dew point of the atmosphere based on the following reaction.
With the Mn addition of 3.01 mass% and 1.00 mass%, the thickness of selective surface oxidation increases at higher oxygen potential, and then again decreases after reaching a maximal in the range from log a O 2 ϭϪ21 to Ϫ22. With Mn addition of 0.01 mass%, selective surface oxidation is suppressed independent of the oxygen potential. The effect on internal oxidation behavior is shown in Fig. 3 . The amount of internal oxidation increases as the oxygen potential and the content of added Mn in the steel increase.
The selective surface oxides during recrystallization annealing at a dew point of Ϫ40°C and the internal oxides at a dew point of 0°C were identified by the infrared absorption spectrometry (IR) method. 23 3 28) was detected. Based on these results and published reports to date, the relationships between the amounts of Si and Mn in the steel and the composition of the selective surface oxides and internal ones are summarized in Figs. 4 and 5, respectively. 9, 10, 18, 19, 23, 28, 29) Here, the results were arranged by selecting the case where the oxygen potential is sufficiently low (log P O 2 ϹϪ21) for selective surface oxides, and the case where the oxygen potential is sufficiently high (log P O 2 мϪ19) for internal oxides. Using the weight ratio of Si/Mn in steels as an index, selective surface oxides comprise mainly SiO 2 when the Si/Mn ratio is high, MnSiO 3 and Mn 2 SiO 4 form as the Si/Mn ratio in the steel decreases, and the selective surface oxides change to mainly MnO at a low Si/Mn ratio. The internal oxides are Fe 2 SiO 4 and SiO 2 when the Si/Mn ratio is high, but as the Si/Mn ratio in the steel decreases, the composition changes in the order (Mn, Fe)SiO 3 , (Mn, Fe) 2 SiO 4 and SiO 2 , (Mn, Fe)SiO 3 . Thus, as described above, the compositions of both the selective surface oxides and the internal oxides change accompanying changes in the Si/Mn ratio in the steel sheets.
Calculated Chemical Potential Diagram of
Fe-Si-Mn-O System As mentioned in the previous section, the compositions of the oxides, which form during recrystallization annealing vary in accordance with the Si/Mn weight ratio in the steel. Figure 6 shows the results of calculations, together with the reaction path accompanying increases in oxygen potential. In the region where log P O 2 ϹϪ20, the slopes of the phase boundary of MeOϩMe 2 SiO 4 , Me 2 SiO 4 ϩMeSiO 3 , and MeSiO 3 ϩSiO 2 are Ϫ2. However, the slopes change continuously in the region where log P O 2 ϾϪ20 and becomes substantially 0. The behavior of the reaction path on the chemical potential diagram, as described below, can be observed. When the Si/Mn ratio in the steel is 10, the oxidation proceeds along the phase boundary of SiO 2 ϩMeSiO 3 as the oxygen potential increases, and after passing through the SiO 2 ϩMeSiO 3 ϩMe 2 SiO 4 triple point, the oxidation proceeds along the phase boundary of SiO 2 ϩMe 2 SiO 4 , thereafter, reaches the phase boundary of MeOϩMeSiO 3 . On the other hand, when the Si/Mn ratio in the steel is 1, the oxidation proceeds along the phase boundary of SiO 2 ϩMeSiO 3 as the oxygen potential increases in the same manner, and reaches the phase boundary of MeOϩMe 2 SiO 4 , along phase boundary of Me 2 SiO 4 ϩMeSiO 3 . When the Si/Mn ratio in the steel is 0.33, the oxidation proceeds along the phase boundary of MeSiO 3 ϩMe 2 SiO 4 , then reaches the phase boundary of MeOϩMe 2 SiO 4 .
The horizontal-axis of a Si /a Mn in Fig. 6 is transformed into the mass concentration ratio of Si and Mn in the steel, and the results are shown in Fig. 7 . Because the concentrations of the alloying elements are comparatively low, the shape of the region is basically the same as that in Fig. 6 with an exception for the phase boundary of MeSiO 3 ϩSiO 2 at the low oxygen potential region of log P O 2 ϹϪ26, due to the effect of activity coefficient variation of Si and Mn in the alloy phase.
Pseudo Ternary Phase Diagram of FeO-SiO 2 -
MnO Isothermal Oxidation Process Based on the results of the thermodynamic calculations described in the previous section, a pseudo ternary phase diagram was estimated for a FeO-SiO 2 -MnO system, with the reaction path in the isothermal oxidation process and oxygen isobars (Fig. 8) The relationship between the Si/Mn weight ratio in the steel and the chemical species of oxides in the case where the oxygen potential increases is analyzed. The results are summarized in Table 2 . As shown in Fig. 8 , when the Si/Mn ratio in the steelϭ0.33-0.5, as the oxygen potential increases, a reaction change from the stable region of Me 2 SiO 4 and/or MeSiO 3 which exists at low oxygen potential through the two-phase region of MeOϩMe 2 SiO 4 , finally gradually approaching the FeO corner.
On the other hand, when the Si/Mn ratio in the steelϭ1, the region of MeSiO 3 or two-phase region of SiO 2 ϩ MeSiO 3 is stable at a low oxygen potential. As the oxygen potential increases, the reaction path goes through twophase region of MeSiO 3 ϩMe 2 SiO 4 , where SiO 2 does not form, and the next goes through two-phase region of MeOϩMe 2 SiO 4 , and finally approaches the FeO corner.
When the Si/Mn ratio in the steelϭ2 to 10, the two-phase region of SiO 2 ϩMeSiO 3 is stable at low oxygen potential regions. As the oxygen potential increases, the reaction path goes through three-phase region of SiO 2 ϩMeSiO 3 ϩ Me 2 SiO 4 , two-phase region of SiO 2 ϩMe 2 SiO 4 , that of MeOϩMe 2 SiO 4 , and finally gradually approaches the FeO corner. Figure 9 represents calculated composition change in reaction layer of the alloy phase along oxygen isobar at given Si/Mn ratio. The compositions change complementally according to the consumption of components by the oxides formation reaction, and traces joins at points, A (Mn 2 SiO 4 ), B (MnSiO 3 ), and C (SiO 2 ) along with the oxidation reaction.
For the easy access of the present results for the application to practical process and materials design, the variation of the stale oxides phase at a fixed oxygen potential ranges is summarized in Table 3 when the initial alloy composi- 
Discussion
In this study, the isothermal section of both the composition phase diagrams (Figs. 8 and 9 ) and the chemical potential diagrams (Figs. 6 and 7) for the Fe-Si-Mn-O quaternary system is displayed using different thermodynamic composition parameters as a quasi-ternary system due to the coexistence of alloy and oxide phases at all the time. It is noted that, in principle, the chemical potentials and composition of terminal components or compounds are equivalent as a component variables in thermodynamics and can be used alternatively.
In case of the composition diagram expression, contour planes of oxides phase (Fig. 8 ) and alloy phase (Fig. 9 ) are illustrated as a compositional sections of quaternary system shown in figures as a small tetragon, and the chemical potential of oxygen and the chemical potentials ratio and the composition ratio of Si and Mn are used in Figs. 6 and 7, respectively.
Validity of the Thermodynamic Calculation
The reaction path of the FeO-SiO 2 -MnO pseudo ternary phase diagram shown in Fig. 8 is examined by comparison with the experimental results of the oxidation products (Figs. 4, 5) , under different oxygen potential conditions. 4.1.1. Low Oxygen Potential Condition (log P O 2 ϹϪ21, Equivalent to Condition for Selective Surface Oxidation) Assuming 5 vol% as a conventional H 2 concentration in H 2 -N 2 recrystallization annealing, the dew point under this oxygen potential condition is estimated approximately to Ϫ25°C or less. As shown in Fig. 4 , the selective surface oxides observed change from SiO 2 to Mn 2 SiO 4 via MnSiO 3 , accompanying reduction of the Si/Mn ratio in the steel. On the other hand, as shown in Table 3 , similar changes were also confirmed in the thermodynamic calculation results. Thus, the chemical species of selective surface oxides actually observed in an H 2 -N 2 reducing atmosphere are in agreement with the results for the stable oxide phases in the thermodynamic calculations.
High Oxygen Potential Condition (log P O 2 мϪ19,
Equivalent to Condition for Selective Internal Oxidation) With the same 5 vol% H 2 concentration, the oxygen potential condition is estimated to a dew point of approximately ϩ5°C or higher. As shown in Fig. 5 , as the Si/Mn ratio in the steel decreases, the oxidation products change in the order from "SiO 2 and Fe 2 SiO 4 ," "SiO 2 and (Mn, Fe)SiO 3 ," to (Mn, Fe)SiO 3 . On the other hand, as shown in Table 3 , similar results were also obtained from the thermodynamic calculations and agreed with the experimental results.
The results presented above demonstrate that it is basically possible to predict the changes in the compositions of selective surface oxides and internal oxides corresponding to the various compositions of steels, by thermodynamic calculation.
Controlling Factors for the Transition from Exter-
nal to Internal Oxidation Wagner has shown that for the selective oxidation behavior of the alloy including oxidizing element, the alloy internally oxidizes in case that the oxygen ion flux predominates over that of the metallic ions while the alloy externally oxidizes in case the metallic ions flux predominates over that of the oxygen ion. 30) Therefore for the oxidation of the alloy with fixed composition, the oxygen potential of transition from external to internal can be predicted by estimating the flux of oxygen, J o , in the oxide film.
However for case of the steels of this study, the stable phases and its compositions of the oxides film change, with the variation of both the steel compositions and oxygen potentials. For such systems, it is impossible to apply Wagner's model simply, based on only the interdiffusion of oxygen and solute element, because the diffusion constant changes by the compositions of oxides films. Therefore newly model considering the composition change of the oxides film is necessary to be developed to take into consideration of such complex oxide stability caused by the alloying.
At the initial stage of selective oxidation, Si is oxidized to SiO 2 on the outermost surface of the substrate. The oxygen permeation flux is too small for the internal oxidation to proceed. Then further oxidation reactions (1) and (2) proceeds to form MeSiO 3 As shown in Fig. 5 , when the Si and Mn-added steels are internally oxidized, the fact that MeSiO 3 phase always forms suggests that the oxygen potential to form MeSiO 3 is necessary condition for the model transition from external to internal oxidation.
In the present study, a semi-empirical treatment combined with the present thermodynamic calculation used to estimate the oxygen flux across the external oxide layer, by employing the approximation of quasi-steady state permeation. A schematics of the present model is shown in Fig. 1 To obtain the value of J O , one has to know three parame- ters of (1) thickness of external oxides film, (2) oxygen potential on the outermost surface of the oxides film, and (3) oxygen potential at the interface between oxides film and the substrate. The parameters of (1) can be experimentally obtained as shown in Fig. 2 . As the oxides film is directly exposed to atmosphere, P O 2 ext , the parameter (2), can be calculated from the concentration H 2 and H 2 O, by assuming the attainment of equilibrium. The parameter (3), oxygen potential at the internal interface is estimated as follows.
The value of log P O 2 int , DG MnSiO 3 , for the reaction (1) with MeϭMn, is calculated by assuming that the activities of a Si , a Mn , and a MnSiO 3 are unity, using FactSage data base. Since, log P O 2 ϭlog P O 2 int ϭϪ30.6, is obtained. Although only present in trace amounts, oxidizable elements such as P, Al, and C, which consume oxygen in the decarburization reaction, are added to the steel. It is assumed in the present research, that other minor solute components other than Si and Mn are neglected.
The results are shown in Fig. 10 , where internal oxidation increases with the increases in the value of J O derived based on thermodynamic calculations. Then, it is now possible to understand the model transition from external to internal oxidation with the increased oxygen flux in the film by the variation of alloy composition. Assuming a given oxygen flux, internal oxidation is large when the Si/Mn ratio in the steel is low, and vise versa.
The steeper J O slope indicates the lower permeability, which is governed by the blocking effect by SiO 2 fraction. The selective surface oxide of 0.99mass%Si-0.01mass%Mn steel is composed of mainly SiO 2 .
23) It is known that SiO 2 forms a protective oxidation film with extremely low oxygen permeability. 31, 32) On the other hand, That of 0.96mass%Si-3.01mass%Mn steel is mainly composed of Mn 2 SiO 4 .
23) Unlike SiO 2 , Mn 2 SiO 4 is known to take a granular form and expected to exhibit higher permeability. 23) Therefore, increased composition ratio of SiO 2 in the selective oxidation film, in which the diffusion of oxygen from the atmosphere to the steel sheet is disturbed by the formation of protective SiO 2 film, results in reduced internal oxidation at a given oxygen flux. The slope of J O values of 1.00mass%Si-1.00mass%Mn steel, which corresponds to medium among other steels, may be attributed by the Mn 2 SiO 4 ratio in the oxide film.
The Optimization of the Operating Window of Si
and Mn-added High Strength Steel Sheets in Continuous Hot-dip Zn Galvanizing Line Based on Thermodynamic Analysis As described above, it is possible to predict selective surface oxidation and internal oxidation behavior during recrystallization annealing of Si and Mn-added steel by applying the results of thermodynamic calculations. Using these results, a study was carried out to determine the favorable practical operating conditions for CGLs for producing high strength steel sheets with improved molten Zn wettability.
As mentioned in introduction, the suppression of the SiO 2 film formation is considered as a necessary condition to maintain molten Zn wettability. Therefore, the optimization of the steel composition and oxygen potential conditions is discussed based on thermodynamic calculation.
In the FeO-SiO 2 -MnO quasi-ternary phase diagram shown in Fig. 8 , there are divided into two regions by the presence of SiO 2 phase, and the two-phase region of MeOϩMe 2 SiO 4 and that of MeSiO 3 ϩMe 2 SiO are possible regions that qualify the necessary condition. Since the oxygen potential of the former two-phase region of MeOϩ Me 2 SiO 4 is very high, it is not suitable for practical operations due to the oxidation of host Fe to FeO. On the other hand, no such problem arises with the latter twophase region of MeSiO 3 ϩMe 2 SiO 4 . Accordingly, the necessary conditions for reaching in the two-phase region of MeSiO 3 ϩMe 2 SiO 4 are examined from the reaction paths, for cases where the Si/Mn ratio in the initial composition of the steel sheet and the oxygen potential are varied.
Si/Mn (Weight Ratio)Ͼ1
In this case, there is no possible operation condition that wettability to molten Zn is improved by optimization of the oxygen potential, when the content ratio of added Si and Mn in the steel sheet exceeds 1, because it is impossible to avoid the formation of SiO 2 regardless of the P O 2 conditions.
Si/Mn (Weight Ratio)ϭ1
By controlling the oxygen potential to log P O 2 ϭϪ19.3 to Ϫ19.4, it is possible to stabilize the oxidation products in the two-phase region of MeSiO 3 ϩMe 2 SiO 4 . Assuming that H 2 ϭ5 vol% in a recrystallization annealing atmosphere, one can estimate that this condition approximately corresponds to a dew point of Ϫ5°C or higher. This means that it would be necessary to actively increase the humidity in the furnace atmosphere in order to control to this oxygen potential, but is not practical condition from the industrial viewpoint.
4.3.3. Si/Mn (Weight Ratio)Ϲ0. 5 The oxidation products are stabilized in the two-phase region of MeSiO 3 ϩMe 2 SiO 4 by controlling the oxygen potential to log P O 2 ϭϪ21.0 to Ϫ19.5. This is estimated a dew point of Ϫ25 to Ϫ10°C when H 2 ϭ5 vol% in the annealing atmosphere. Because the dew point of the industrial annealing furnaces is generally around Ϫ40°C, 33) this condition can be achieved without difficulty in industrial operation. Therefore, if a high strength steel sheet in which the ratio of Si and Mn content in the steel is adjusted to 2 or less is used as the base material, and the dew point in the atmosphere is optimized so that the oxygen potential log P O 2 is in the range of Ϫ21.0 to Ϫ19.5, production by the CGL without bare spot defects is considered to be possible, because these conditions suppress the selective surface oxidation of SiO 2 .
The chemical potential diagram shown in Fig. 8 is rearranged in Fig. 11 , by the ratio of mass% Si and mass% Mn content in the initial composition of the steel sheet as a horizontal parameter, together with the results of molten Zn wettability test available in the published literature. The employed data used are those which particularly examine the effect of dew point. The amount of Si addition in the steel sheet studied in this research was 1 mass%. When the content of added Si is low, hot-dip Zn galvanizability can be improved by the tuning of P O 2 independent from the Si/Mn ratio in the steel. Therefore, only the results of molten Zn wettability test of sheets having comparatively higher contents of added Si in the range of 0.3-1.5 mass% are extracted, and the results for these items are shown in Fig. 11 . When SiO 2 forms as the oxidation product, it is impossible to maintain molten Zn wettability, and the wettability is improved relatively better when SiO 2 formation is avoided. From the present discussion the conditions where the wettability can be improved by the tuning of P O 2 condition are clearly categorized. Accordingly, the knowledge obtained from the present analysis can be expected to provide useful guideline and extremely effective process control model for the industrially stable productions of high strength hot-dip Zn galvanized steel sheets with arbitrary chemical compositions.
Conclusions
Simulations of the selective oxidation behavior in Si and Mn-added high strength steel sheets during recrystallization annealing have been performed based on a new approach using a thermodynamic calculation technique. The present study is summarized as follows.
(1) A chemical potential diagram for an Fe-Si-Mn-O system and an isothermal pseudo ternary phase diagram for an FeO-SiO 2 -MnO system are estimated based on thermodynamic calculations. The results of this work demonstrate that it is possible to explain the reaction path when the oxygen potential or chemical composition is changed.
(2) The selective oxidation behavior in 1 mass% Si and 0.01-3.01 mass% Mn-added steel accompanying changes in oxygen potential shows good agreement with the results of a simulation using the FeO-SiO 2 -MnO pseudo ternary phase diagram. Accordingly, a model, which assumes that an equilibrium is reached locally at the outermost surface layer of the steel sheet, is appropriate for prediction of the surface oxidation behavior of Si and Mn-added steels.
(3) The transition from selective surface oxidation to internal oxidation can be explained by considering the oxygen flux in the oxidation film and the effect of the selective surface oxides on the inward diffusion behavior of oxygen. As a result, thermodynamic prediction of the selective oxidation behavior of Si and Mn-added steels, which had been obtained experimentally in the past, is now possible.
(4) Based on the technique described above, the conditions for suppressing formation of a SiO 2 film, which deteriorates the molten Zn wettability of the surface of annealed sheets, have been analyzed thermodynamically. As a conclusion, a process control model for industrial production of high strength hot-dip Zn galvanized steel sheets with arbitrary chemical compositions is proposed. Based on this research, a comprehensive surface control technology for high strength steel sheets is established.
© 2009 ISIJ Fig. 11 . The relationship between oxides species and the wettability by molten Zn (Siϭ0. 3 and SiO 2 ). Then the coexistence region is determined uniquely as a triple point for these three oxides, which exists at the point of intersection of the three phase boundaries of two oxides among Me 2 SiO 4 , MeSiO 3 , and SiO 2 . The result is as follows.
These phase boundaries and triple point solved by ideal solution model is calculated using FactSage database for pure substances, and the results are shown in Fig. A. The shapes of the regions of the respective phases are identical to the ones calculated using FactSage (Fig. 6) .
In a detailed comparison of these two sets of calculated results, several differences are noted, arising mainly from the non-ideality of the solid solutions of MeSiO 3 and Me 2 SiO 4 . For instance, the changes in the slopes of the respective phase boundaries of SiO 2 ϩMe 2 SiO 4 , MeOϩ Me 2 SiO 4 , and MeSiO 3 ϩMe 2 SiO 4 in the range where log P O 2 ϭϪ20 to Ϫ18 were steeper in comparison with the results of calculations by FactSage. This is attributed to the variation of activity coefficients with the composition of solid solution.
It is also noted that the large discrepancies that are found at the location of MeSiO 3 ϩSiO 2 . When the oxygen potential is higher than the triple point for SiO 2 ϩMeSiO 3 ϩ Me 2 SiO 4 equilibrium, the phase boundary of MeSiO 3 ϩ SiO 2 is located in the calculations at higher oxygen potential than the phase boundary of Me 2 SiO 4 ϩMeO. Under high oxygen potential conditions, substantially the Me compositions in MeO and Me 2 SiO 4 is almost pure Fe. However, the oxygen potential of FeO cannot be lower than that of FeSiO 3 . This may be due to the inconsistent thermodynamic data related to Gibbs free energy for the formation of pure FeSiO 3 phase compiled in FactSage database, presumably because of the lack in the experimental data for FeSiO 3 that is not stable as a pure form. Therefore, in this paper, at higher oxygen potential where the existence ratio of FeSiO 3 is higher, the phase boundary of MeSiO 3 ϩSiO 2 plotted as a dotted line, and in the region higher than the triple point for SiO 2 ϩMeSiO 3 ϩMe 2 SiO 4 equilibrium, the phase boundary was not plotted. 
